The autonomic nervous system is a sophisticated and independent structure composed of two antagonistic (opposing) divisions (sympathetic and parasympathetic) that control many vital functions including: homeostasis maintenance, heart rate, blood circulation, secretion, etc. Thymus is one of the most important primary lymphoid organs playing a role in the developing of a juvenile's immune system mainly by maturation, development, and migration of T-cells (T lymphocytes). In the last decades, several studies identifying sources of the thymic autonomic supply have been undertaken in humans and several laboratory rodents but not in higher mammals such as the pig. Therefore, in the present work, retrograde tracing technique of Fast Blue and DiI was used to investigate the sources of sympathetic efferent supply to the porcine thymus. After Fast Blue injection into the right lobe of the thymus, the presence of Fast Bluepositive neurons was found in the unilateral cranial cervical ganglion (82.8 ± 3.0% of total Fast Blue-positive neurons) as well as in the middle cervical ganglion (17.2 ± 3.0%). Injection of DiI resulted in the presence of retrograde tracer in neurons of the cranial cervical ganglion (80.4 ± 2.3% of total amount of DiI-labelled neurons), the middle cervical ganglion (18.4 ± 1.9%), and the cervicothoracic ganglion (1.2 ± 0.8%). The present report provides the first data describing in details the localization of primary efferent sympathetic neurons innervating the porcine thymus.
neurotransmitters as well as neuropeptides/neuropeptide receptors have been applied in immunohistochemical studies in rats (Gomariz et al. 1990; Kendall and al-Shawaf 1991; Bellinger et al. 1997) , mice (Delgado et al. 1996; Mitchell et al. 1997) , and humans (Lara-Marquez et al. 2000; Mignini et al. 2011) . Experimental procedures like chemical sympathectomy with 6-hydroxydopamine (6-OHDA) or guanethidine , surgical denervation of the sympathetic chain, ablation of the vagus or recurrent laryngeal nerve (Mignini et al. 2010) allowed to determine preliminary sources of sympathetic and parasympathetic innervation to the rat thymus. A substantial progress in neuroanatomical studies on the thymus innervation has been achieved with the use of the retrograde tracing technique utilizing retrograde neuronal tracers such as Fast Blue (FB) (Kummer and Oberst 1993) , Fluoro-Gold (FG) (Tollefson and Bulloch 1990) , Diamidino Yellow (DY) (Dovas et al. 1998) , or horseradish peroxidase (HRP) (Bulloch and Moore 1981) . More recently, the central sympathetic centres projecting the rat thymus were transneuronally visualized with the use of the pseudorabies virus (Trotter et al. 2007 ). As mentioned above, so far most of researchers focused on the innervation of the rodents' thymus whereas reports describing sources of the nerve supply to the thymus in large mammals are scarce. Therefore, in the present study, the localization of porcine thymus-projecting efferent neurons has been determined using two different neuronal tracers (Fast Blue and DiI). The choice of the pig as an experimental animal is justified as this animal species shows numerous anatomical, physiological, and genetic similarities to humans which makes it an excellent animal model for use in various scientific studies (Luo et al. 2012; Mair et al. 2014 ).
Materials and Methods

Experimental animals and anaesthesia
All experimental procedures were carried out with the approval of the responsible Local Ethics Committee (number 1/2014) and were in agreement with the "Guide for the care and use laboratory animals" (NAP publication, revised in 2011). For retrograde tracing experiments, five crossbred Polish Landrace × Pietrain (n = 5) piglets (three weeks old, weighing ca. 10 kg) of both sexes were used. Each piglet was purchased from a different litter. The animals were sedated with an intramuscular injection (2 mg/kg b.w.) of azaperone (Stresnil ® , Janssen Pharmaceutica N.V., Belgium). To induce a satisfactory level of a deep anaesthesia, intravenous injection (4-6.5 mg/kg b.w.) of propofol (Scanofol 
Injection of retrograde tracers
Two different retrograde tracers were used. The first one was Fast Blue (FB; EMS-Chemie GmbH, Gross Umstadt, Germany) which is well soluble in water and labels cell cytoplasm. The second one was DiI (D-3911; Molecular Probes, Eugene, Oregon, USA) which shows a high affinity to lipophilic binding to neuronal membrane and stains the entire cell. Because DiI is poorly soluble in water, the tracer was dissolved in dimethyl sulphoxide (DMSO), which additionally improved the tracer penetration.
In all experimental animals, a neck skin incision (approx. 4 cm) in the tracheal region was made, and the left and right lobes of the thymus were exposed. In all animals, the injection of a total of 50 ml of 5% FB into the right lobe of the thymus was done using the Hamilton syringe equipped with a 26 gauge needle. In each animal, 10 separate injections for 5 ml each, evenly distributed throughout the right lobe, were given. In order to minimalize the tracer leakage, after each injection the needle was kept for 1 min and carefully wiped out with a cotton bud. Finally, the right lobe of the thymus was gently removed and separated from the left lobe. Next, using a brand new Hamilton syringe equipped with a 26 gauge needle, the left lobe of the thymus was injected with a total of 50 ml of 5% DiI (10 separate injections of 5 ml each). The analogous tracer injection protocol as presented above for FB was applied. The skin wound was closed with surgical staples and the animals were treated with amoxicillin (Betamox ® , ScanVet Gniezno, Poland; 15mg/kg b.w.) for the next four days.
Tissue collecting and processing
After a three weeks of post-operative period, the animals were deeply re-anaesthetised and transcardially perfused with 4% solution of buffered (pH = 7.2) paraformaldehyde. For further studies, the sympathetic bilateral cranial cervical ganglion (CCG), bilateral middle cervical ganglion (MCG), bilateral cervicothoracic ganglion (CTG), bilateral Th 2 -Th 14 sympathetic chain ganglia (SCG) as well as coeliac-mesenteric ganglion (CaMG) were dissected, washed in 0.9% sodium chloride and post-fixed for 1 h in the same fixative. For cryoprotection, the dissected material was placed in 30% cold (+4 °C) sucrose solution and kept until it sank into the bottom of the container (approx. 3 weeks). The material was embedded in tissue-tek (Tissue-Tek ® OCT™ Compound, Sakura, Holland) and cut using the cryostat (HM50 Kriostar, Leica, Germany) into 10 µm serial sections. Every third section was mounted onto a silanized microscope glass slide (SuperFrost ® Plus, Menzel-Gläser, Germany) and stored at -20 °C until further analysis was made. The slides were viewed under a spinning disk confocal microscope (BX-DSU Olympus, Nagano, Japan) equipped with a interference filters optimized for the detection of FB (MNU2, Olympus) and DiI (MWIY2, Olympus).
Counting and statistics
All FB-positive and DiI-positive neurons were counted. The numerical data are presented as mean ± S.D. The numbers of FB-labelled neurons found in particular ganglia were presented either as absolute values or as a percentage relative to the total population of FB-positive neurons. The numbers of DiI-labelled neurons found in particular ganglia were presented either as absolute numbers or as a percentage relative to the total population of DiI-positive neurons. Comparisons between homologous and non-homologous populations of retrogradely labelled neurons were calculated using one-way analysis of variance test (ANOVA) followed by Bonferroni's post-hoc test. The level of P < 0.05 was considered to be significant.
Results
FB-positive neurons
Injection of FB into the right thymus lobe resulted in the presence of FB-labelled sympathetic neurons only in the right CCG and the right MCG. No presence of FBpositive perikarya was found in the right CTG and Th 2 -Th 14 SCG, CaMG or in any of the contralateral sympathetic ganglia (Table 1) . In general, FB-positive neurons were bright and highly fluorescent and well visible in relation to the background. In the vast majority of labelled neurons the presence of FB was limited to the cell soma, however, in some neurons the presence of very short FB-positive nerve processes was also observed. In the right CCG as many as 609 ± 80 FB-positive neurons (n = 5) were found evenly distributed throughout the ganglion (Plate I, Fig. 1A ). FB-labelled neurons found in the right SCG constituted 82.8 ± 3.0% of the total population of FB-positive sympathetic neurons. In the right MCG, the population of FB-positive sympathetic neurons was 125 ± 15 (n = 5) and constituted a significantly smaller (17.2 ± 3.0%; vs. CCG; P < 0.05) population of total FB-labelled periakrya. In MCG, FB-positive neurons were randomly scattered throughout the ganglion. The vast majority of CCG FB-positive as well as MCG-positive neurons were classified as oval or spindle middle in size (with diameter between 25 and 50 µm) cells (Plate I, Fig. 1B) . In both ganglia, the remaining 10% of FB-positive neurons were categorized as small round cells (with diameter less than 25 µm).
DiI-positive neurons
After the injection of DiI into the left thymus lobe the presence of DiI-labelled neurons was found in the sympathetic unilateral CCG, MCG as well as STG. No DiI-positive perikarya were detected neither in unilateral Th 2 -Th 14 SCG, CaMG nor in all contralateral sympathetic ganglia. In general, in DiI-positive neurons the presence of highly fluorescent microgranules in the entire soma was seen which allowed to easily differentiate tracerlabelled neurons. Beside the neuronal soma, the presence of DiI was also observed in moderate numbers of short nerve processes (presumably axons or dendrites; Plate I, Fig.  1C ). On average 817 ± 83 (n = 5) DiI-labelled cells (80.4 ± 2.3% of total DiI-positive sympathetic neurons) were found in the left CCG. In left MCG, as many as 186 ± 16 of neurons (18.4 ± 1.9%) were found to be positive to DiI, and that population was significantly lower than the analogous one found in the CCG (P < 0.05). In both CCG and MCG, the vast majority (ca. 80%) of DiI-positive neurons were of medium size, and of oval, round or spindle shape. The remaining 20% were categorized as small oval/round neurons. In both CCG and MCG, the presence of large neurons (with a diameter larger than 50 µm) was found occasionally (Plate I, Fig. 1D, E) , however, those neurons constituted less than 1% of the total DiI-labelled cells. In general, no distinct distribution pattern of DiI-labelled neurons was observed in the CCG, however, in some cross-sections peripherally located DiI-positive cells lying in close vicinity to the ganglionic capsule were regularly detected. Only 12 ± 7 (n = 5) DiI-positive medium-size, oval neurons were found in the left CTG (Plate I, Fig. 1F ). The latter population constituted 1.2 ± 0.8% of the total DiI-labelled neurons and was significantly the smallest compared to CCG or MCG (P < 0.05). Although the absolute number of DiI-positive neurons found in CCG was significantly higher (P < 0.05) than the FB-positive ones, no significant differences were found comparing the mean percentages of both populations (80.4 ± 2.3% of DiI-positive vs. 82.8 ± 3.0% of FB-positive). Similarly, the percentages of DiI-positive and FB-positive neurons found in the MCG was significantly (P < 0.05) the same (18.4 ± 1.9% vs. 17.2 ± 3.0%, respectively).
Discussion
In the present study we described for the first time the sources of primary efferent neurons supplying the porcine thymus. The application of two different retrograde tracers (FB and DiI) led to slightly different results. Since FB-positive neurons were detected only in the CCG and MCG, the use of DiI allowed us to detect the minor population (< 1%) of thymus-supplying sympathetic neurons also in the CTG. Because no leakage of tracer from the injection site was noted, we concluded that the CTG should be also considered as an additional source of sympathetic neurons projecting to the porcine thymus. The observed discrepancies may be explained by the physicochemical properties of both tracers (Schofield 2008) as well as the properties of the vehicles used. According to the supplier's recommendation, DiI was dissolved in DMSO, which per se increases the cell membranes permeability (He et al. 2012) and thus may help the tracer to spread inside the organ. This simply explains why substantially greater total numbers of thymusprojecting neurons were observed after DiI than FB application. It must be also kept in mind that the fading of signals caused by free radicals is a serious limitation in case of certain fluorescent tracers like FB but not DiI, which would further explain the differences observed. However, no matter which tracer was used, our results showed that the CCG is the main source of primary efferent neurons innervating the porcine thymus, whereas in the MCG and CTG only a minor population of thymus-projecting neurons is present. Moreover, our study indicates that the use of DiI is more effective than FB, and DiI might be a tracer of choice in classical neuroanatomical research aiming at the identification of primary efferent sympathetic neurons supplying the porcine thymus. In previous studies utilizing HRP as a retrograde tracer, it has been shown that at the central level, mouse thymus projecting neurons originate from the ventral horn of the cervical spinal cord and from the dorsal and ventral brainstem complex of the nucleus of the vagus nerve (Bulloch 1998) . Recently, using the pseudorabies virus Trotter et al. (2007) were able to show that the sympathetic neurons innervating the thymus in rats are also localized in the spinal T 1 -T 7 intermediolateral cell column, central autonomic nucleus, intercalated nucleus as well as in certain nuclei of the medulla oblongata, pons and hypothalamus but not in the dorsal motor nucleus. In the rat, surgical sympathectomy resulted in a substantial reduction of the thymus-innervating noradrenergic nerve fibres whereas the opposite effect was noted when the CCG was directly electrostimulated (Artico et al. 2002) . In contrast, in another study two weeks after the removal of bilateral CCG, no significant changes in the thymic level of noradrenaline or distribution and density of the thymus-supplying autofluorescent fibres were noted (Milosevic et al. 1994) . However, the injection of HRP-conjugated wheat germ agglutinin (HRP-WGA) into the rat and mouse thymus allowed to localize labelled neurons in the ganglia of the sympathetic chains from the CCG caudal to the T3 (Nance et al. 1987) . Similarly, in retrograde tracing experiments with the use of a cholera toxin B subunit, Lee et al. (1998) were able to observe labelled neurons not only in the CCG, MCG, and CTG but also in the T 2 -T 8 SCG. It is noteworthy that in the present study we found no FB-positive/DiI-positive neurons in any of the SCG which may indicate the presence of species-specific differences in thymus innervation between various mammals.
In conclusion, sympathetic primary efferent neurons projecting to the porcine thymus are localized in the CCG (main source), the MCG, and the CTG (minor sources). The application of DiI as a retrograde tracer is recommended for classic porcine thymus innervation studies. 
